former football players. 19 It has been suggested that cumulative exposure to RHIs leads to later-life neuropsychological sequelae 21 and that participation in tackle football before the age of 12 years may be associated with later-life cognitive impairment. 27 The development of remote accelerometers has allowed the quantification of head impact exposure in football, including in youth football, in terms of magnitude and total exposure over a single season. 10, 12, 33 In high school football players, a significant relationship between number of RHIs and neurophysiological performance impairment by functional magnetic resonance imaging (MRI) was found over a single season. 7 Recently, more microstructurally sensitive MRI methods such as diffusion tensor imaging (DTI) have been used to detect alterations in brain structure as a result of mild traumatic brain injury. 32 DTI specifically provides information about the integrity of white matter and fiber tracts by measuring the motion of water molecules in the brain. 3 Normal developmental changes in DTI findings have been described in pediatric and adolescent brains. 25 Moreover, in the medium to long term, pediatric patients with traumatic brain injury have impairments in cognitive performance, with a medium to strong correlation with white matter changes detected by DTI. 24 DTI changes may therefore be a surrogate for cognitive performance in pediatric patients with traumatic brain injury (TBI).
DTI has been used and variably demonstrates white matter changes in college-aged football players in the absence of diagnosed concussion. 4, 18 There are few studies examining the effect of RHIs in children younger than 13 years in terms of microstructural changes of the brain. One recent study on athletes aged 8 to 13 years suggested that exposure to RHIs in a single season of youth football led to white matter changes in the inferior fronto-occipital fasciculus, detected by DTI in the absence of diagnosed concussion. 2 The current study was undertaken to assess white matter changes by DTI MRI between a cohort of youth football players and youth swimmers over a single football season and to determine any correlation between DTI in youth football players and accelerometry measurements of total number, magnitude, and location of head impacts over a single football season.
Methods

Study Population
Participants included males 8 to 12 years old who voluntarily enrolled in community-based competitive youth football (CS) or swim team (noncollision sport [NCS]). Inclusion criteria for both CS and NCS groups were the following: (1) participant had no contraindication to MRI, such as an indwelling medical device, ferrous device, surgical clips, or particulates; (2) a parent/legally authorized representative (LAR) was present at the MRI appointments; (3) participants completed the baseline MRI scan; and (4) no orthodontic work that interfered with MRI.
The CS group had additional inclusion criteria. For this group of athletes, the parent/LAR was required to have a smartphone capable of downloading the Shockbox (i1 Biometrics) application and have Bluetooth pairing capability. Parents/LARs had to state that they were willing and able to attend more than 80% of their child's football practices and games with the smartphone and were required to stay within 59.44 m of their child to collect data (for the duration of the practice/game). This study was approved by the St Luke's Health System Institutional Review Board.
Instruments Head Impact Assessment
This study used a Shockbox sensor to collect head impact data. The Shockbox is a commercially available product that uses binary force switches; the 4 sensors in each product can delineate impacts to the front, rear, top, and lateral aspects of the helmet, but do not delineate left or right laterality. Voltage activation of the force switches between 80 and 100 kHz is captured and calculated. At the moment of impact, the switch activates and reports the location, magnitude, and number of impacts. Impact magnitude is expressed as g, where 1g is equivalent to the force of the earth's gravity at sea level; the threshold for the force switch to trigger is 30g in an in vivo study and 50g in laboratory testing. 22 For the sake of description, 80g was used as a threshold for reporting higher magnitude impacts as in other studies.
The Shockbox sensors are Bluetooth-enabled devices paired with individual smartphones or other Bluetooth-enabled devices. The maximal range of the Bluetooth devices is limited to 100 m. In practice, this range is further limited to 80 m based on practice field layout. The Shockbox sensor stores unreported hits until it is again in range of the paired smart device and can then update to the device.
All received Shockbox sensors were tested prior to formal data collection to ensure function. Each individual sensor was paired with a smartphone and tested at distances varying from 10 to 100 m to confirm primary operation of received sensors. Any Shockbox sensors that did not function on receipt were replaced and tested for proper performance prior to distribution to study participants. Functional Shockbox sensors, once paired with a device, were typically reliable throughout the duration of studies according to the manufacturer. 26 However, in the current study, 7 participants had to have their Shockbox sensors replaced, usually because of failure of Bluetooth connectivity. Shockbox data were uploaded by research staff weekly to a web service portal for filtering and cleaning of collected data. The portal was a service pipeline implemented using python, php, html, and server-side web software and run on a university's computer science web server.
The web portal provided services for removing all duplicate data entries, discarding garbled and corrupt sensor transmissions, summarizing and compiling individual participants' impact data from Shockbox into a Microsoft Excel file to be used for statistical analysis. Data included the core set of accelerometer measurements (ie, number and magnitude of hits throughout the season, by game and practice, by impact direction) per participant. The portal provided research staff with the ability to retrieve both the computed cleaned sensor data and the original raw uploaded data.
Questionnaires
A physical activity questionnaire was adapted from the National Health and Nutrition Examination Survey National Youth Fitness Survey. 8 The questionnaire asked the duration (in minutes) and frequency of moderate and vigorous physical activity in which the participant engaged within the past 7 days.
Research staff collected data for a head impact tracking sheet via phone at 2 different time periods, recording impacts to the head in both CS and NCS groups (occurring during or outside of the current sport) as reported by parent/LAR from baseline to midpoint and from the midpoint to the end of study. The information included the date of injury, description of the incident, cause, symptoms, and action taken by the parent/LAR (if any) due to the injury.
DTI MRI Scan
Imaging Protocol
Study participants underwent noncontrast whole-brain imaging acquired on a Siemens MAGNETOM Skyra 3.0T scanner (Siemens AG) with a gradient field strength of 45 mT/m. The AutoAlign Head LS localizing protocol was performed using a Siemens 20-channel head coil with 20 integrated preamplifiers. Sequences were planned from these localizer images to maintain reproducible patient scanning between study participants as well as pre-and postseason scans.
General anatomic images were obtained using a T1-weighted, 3-dimensional magnetization-prepared rapid gradient echo sequence (repetition time [TR], 2300 ms; echo time [TE], 2.94 ms; flip angle, 9°; voxel size, 1 × 1 × 1 mm 3 ; acquisition field of view [FOV], 256 × 256 mm; axial reconstruction matrix, 256 × 256), resulting in 140 to 150 images at 1-mm slice thickness. No fluid-attenuated inversion recovery or T2-weighted images were obtained.
Diffusion tensor weighted images (DTI) were produced using 64 noncollinear diffusion directions (b values, 1000 s/mm 2 ; TR, 10,600-10,800 ms; TE, 91 ms; voxel size, 2 × 2 mm 2 ; 256 mm × 96.9% in phase matrix; 128 × 128 mm display FOV), resulting in 70 to 74 images at 2-mm slice thickness.
Postprocessing and Quantitative Analysis
Postprocessing included generation of parametric diffusion tensor maps to assess fractional anisotropic properties of the white matter. These colored maps provide quantitative data specific to the frequency and direction of water movement within each voxel. Both T1 and vectorized DTI axial images for each participant were compared to identify optimal locations for demonstration of the genu and splenium of the corpus callosum (gCC and SCC), as well as the bilateral anterior corona radiate (ACR), posterior limb of the internal capsule (plIC), and cingulate cortex (CgC) (Figure 1 ). To calculate fractional anisotropy, the voxel-wise approach was employed by expert manual placement of regions of interest (ROIs) on the fractional anisotropy (FA) images using Siemens Neuro 3D taskcard software by 2 different certified MRI technologists. These circular ROI placements, measuring approximately 3.0 mm in diameter, were validated by a single board-certified neuroradiologist with 12 years of clinical experience. ROI size varied only to eliminate inclusion of surrounding cerebral tissue. Pre-and post-football season scans were again compared by the same board-certified neuroradiologist to verify consistency in placement of each ROI.
Tables showing averaged FA values and the standard deviation of voxel values within each ROI were generated. These data were placed in an Excel (Microsoft) spreadsheet for study participant pre-and postseason comparisons.
Procedure
Participants were recruited between March and July of the study year through a recruitment flyer distributed to parents via email and posted on the sports leagues' web pages. Interested parents contacted the research staff for a phone screening to determine eligibility and then schedule a baseline in-person enrollment appointment where consent/assent was obtained. The parent/ LAR completed a pediatric medical history questionnaire and a physical activity questionnaire. All study participants completed the baseline enrollment appointment between March and July. The follow-up questionnaires were completed between October and December.
Prior to the start of the season, parents/LARs of CS participants had an additional appointment to install and receive instructions on the Shockbox application and accelerometer. Research staff reviewed the instructions, including accelerometer setup, use of accelerometer at practices and games, charging accelerometers and other electronic devices, and troubleshooting. Research staff also provided instructions on the installation of the accelerometer inside the participant's helmet in a space between pads according to the Shockbox manufacturer's recommendation. The study also provided parents/LARs with a portable smartphone charger to ensure battery power for their smartphones during Shockbox data collection. During this appointment, parents/LARs were informed the Shockbox has an alert threshold that can be modified from a 0-to 120g scale. For this study's purposes, the parents/LARs were asked to set the threshold at 90g to have a consistent alarm threshold among participants. Research staff told the parents/LARs if the child was thought to experience a concussion, the sports league's concussion protocol would be followed. Coaches were also informed about the nature of the alert system during recruitment.
During the football season (August-October), the designated parent was responsible for sending the data to the research staff via email after each practice and game. The parent/LAR was instructed not to delete any Shockbox data from his or her smartphone without a confirmation email from the research staff. Research staff sent weekly reminder emails and a phone call to parents to remind them to charge the accelerometer, smartphone, and portable phone charger. When necessary, research staff also sent reminder emails and calls to parents to remind them to upload accelerometer data. During the season, research staff was available to respond to emails and calls from parents/LARs for technical difficulties and to replace an accelerometer when necessary.
Research staff called both CS and NCS parents/LARs to complete the head impact tracking sheet at both the midstudy time point in September and between mid-October and November for the follow-up (end of study) time point. The parent/LAR was asked to voluntarily report to research staff any head impacts obtained by his or her child at any point during the study.
All participants completed a baseline MRI scan between May and July of the study year, with the follow-up MRI scan being completed following, but not more than 3.5 months after, the end of football season.
Data Verification
After all duplicate data were removed, data were checked for accuracy before being used for analysis. Accuracy required no garbled sensor data in the entry, that all data recorded occurred during a scheduled practice or league game, and that the calculated head injury criterion value was commensurate with the corresponding hit magnitude value.
Data Analysis
Descriptive statistics were calculated for age, height, weight, all DTI variables (ACR, CgC, gCC, plIC, and SCC), magnitude of head impact recorded by Shockbox by season, game, and practice, number of hits by season, game, and practice, and by direction (top, side, and rear), and physical activity reported on the physical activity questionnaire. A mixed model (group by time) repeated-measures multivariate analysis of variance was conducted to determine whether there were any differences in DTI variables (ACR, CgC, gCC, plIC, and SCC) between the CS group and the NCS group from pre-to postseason. Correlation and regression analyses were carried out to determine whether there was a relationship between the changes in DTI variables (ACR, CgC, gCC, plIC, and SCC) from pre-to post-football season and magnitude of head impact in the CS group. Significance level was set at 0.05. SPSS v24 (SPSS) statistical software was used for all statistical analyses.
Results
Sample Characteristics
There were 47 participants (35 in the CS group, 12 in the NCS group) aged 8 to 12 years. The majority of participants (68%) were in fourth to sixth grade. The average age of the CS group was 10.11 ± 1.25 years, and the average age of the NCS group was 10.17 ± 1.34 years. The average weight of the entire study cohort was 84.36 ± 21.91 lbs (CS, 84.23 ± 21.51 lbs; NCS, 84.75 ± 24.04 lbs; P > 0.05). Among the 47 participants, 42 (89.4%; 30 from CS and 12 from NCS) met the physical activity recommendation for children (ie, participating in 60 or more minutes of moderateintensity aerobic activity, such as brisk walking, or vigorous-intensity activity, such as running, each day), which includes vigorousintensity aerobic activity on at least 3 days per week. 8 As per the head impact tracking sheet, there were a total of 13 head impacts reported in the CS group and 3 head impacts in the NCS group during the sports season.
Head Impacts (CS Group Only)
A total of 1905 hits were recorded for 34 participants in the CS group for the season, where 341 (17.9% of total) hits were collected during 7 games and 1564 (82.1% of total) hits were observed during 31 practices. The average magnitude of head impact that each player experienced was 62.65g per game and 68.59g per practice. A total of 301 hits with magnitude ≥80g were collected. On average, each of the 34 players who had accelerometer data collected experienced 56 hits over the season (10 hits over games [ie, 1.5 hits/game] and 46 hits over practices [ie, 1.5 hits/practice]), with 8.9 hits of magnitude 80g or greater over the season. Hits on the sides occurred most commonly (47.93% of total hits), followed by hits on the front (20.84%), on the top (18.53%), and on the rear (12.70%). Table 1 shows the means and standard deviations for magnitude of head impact over the season and in each different direction. 
DTI MRI Results
Five participants who were scanned with braces (n = 3), who had missing MRI data (n = 1), and/or whose MRI scanned values were extremely large or small (>5 SDs of the average values) were excluded. Results from a (group by time) repeatedmeasures multivariate analysis of variance failed to observe differences between the CS and NCS groups and from pre-to postseason in FA values (P > 0.05). No significant interaction between group (CS and NCS) and time (pre-to postseason) was observed (P > 0.05). See descriptive statistics in the Appendix (eg, means and standard deviations), available in the online version of this article.
Relationship Between Head Impact and DTI MRI Outcomes (CS Only)
Correlation analysis revealed a significantly positive and moderate relationship between increase of left CgC FA (from pre-to postseason) and the magnitude of lateral head impacts (r = 0.40; P = 0.03). The larger the total magnitude of lateral head impact, the larger the difference of left CgC FA from preto postseason. Further linear regression analysis showed that increased magnitude of head impacts on the lateral aspects significantly predicted increased left CgC FA values from pre-to postseason (unstandardized beta, 0.028; t = 2.28; P = 0.03).
discussion
This study demonstrated that there was no significant change in brain white matter tract integrity as evaluated by FA in an 8-to 12-year-old CS cohort when compared with an NCS cohort over a single sports season, nor was there a pre-to postseason change within the CS cohort over a single football season. Evaluation of the relationship between number, magnitude, and location of RHIs revealed a significant positive relationship between total magnitude of RHIs and increase in FA of the left cingulate within the CS group; stated another way, there is a positive correlation between accumulated magnitude of RHIs through the season and increasing difference between pre-and postseason FA values. It is important to note that without a significant change in FA values pre-to postseason, the significance of this finding is unclear.
RHIs in CS athletes have come under markedly increased scrutiny in recent years, in large part because of the suggestion that they may lead to chronic neurophysiologic deficits, including the degenerative tauopathy, chronic traumatic encephalopathy. 28 In addition, there is evidence that 12-to 18-year-old participants in high-contact sports have impaired reaction time and processing speed compared with those in low-contact sports. 30 Fifteen-to 19-year-olds without diagnosed TBI and who participate in CS may develop impairments in neurocognitive and neurophysiological performance. 29 More recently, it has been shown that athletes exposed to football before the age of 12 years have higher incidence of later-life self-reported neuropsychiatric and executive function impairments. 1 Along these lines, we sought to assess whether exposure to RHIs at a young age can be detected to produce white matter effects by DTI, and if so, whether this change is associated with number, magnitude, or location of hits over a single football season. Exposure of our CS athletes to RHIs was similar to a previous study of Shockbox accelerometers in youth football players. 31 CS athletes demonstrated 1.5 head impacts per game and 1.5 head impacts per practice. The previous study showed 1.5 head impacts per game and 3.7 head impacts per practice for a youth cohort. 31 This discrepancy may be due to a deliberate decrease in contact during youth practices and games from 2013 to 2017, as heads-up tackling was instituted during that time, as was Pop Warner football's doing away with kickoffs in an attempt to reduce injuries. In our cohort, the CS youth sports organization instituted heads-up tackling in 2013. It has been demonstrated that teams who adhered to rule changes decreased head impact exposure by 40%. 10 The total number of RHIs experienced was less than that in a 2012 study on youth football players aged 7 to 8 years who experienced 6.7 impacts per practice and 5.8 impacts per game, 11 while another study on 9-to 13-year-old football players described an average of 10.6 impacts per practice/game session. 9 These studies used different accelerometer systems; the threshold to activate accelerometers in the study by Daniel et al 11 was not specified, while the threshold in the study by Cobb et al 9 was set at 14.4g, less than the 30g requirement to activate the Shockbox sensors. Since the majority of impacts recorded in these studies were of lower magnitude, it is likely that a lack of sensitivity to lower g impacts in our study was responsible for this discrepancy. In our CS cohort, hits were not frequent, but there were 301 of 1905 (15.8%) impacts with magnitude ≥80g, which is much higher than those in the study by Wong et al, 31 which described 2.3% of 480 total impacts as being greater than 80g. Prior studies on head impacts in youth football players have described the magnitude and number of large impacts as well: A study of 9-to 12-year-olds found that the 95th percentile of linear magnitudes sustained was 46g 10 over a single football season, and only 0.3% of all impacts were greater than 80g. This is a substantial discrepancy. In the current study, Shockbox units that were distributed were tested and standardized prior to data collection, and validity of impacts was assessed at the time of download and after the season to rule out spurious impacts. Even after correcting for a decreased denominator resulting from rule changes to minimize head impacts implemented since the study by Cobb et al, 9 our cohort recorded a larger number of higher force impacts than previously reported. For instance, the cohort in the study by Cobb et al 10 recorded a total of 36 impacts greater than 80g in 50 players over an average of 25 sessions, whereas we recorded 301 impacts greater than 80g in 34 players over 31 sessions. The conclusion we reach is that the CS cohort did not experience a large number of impacts over the season relative to prior studies, but those RHIs sustained were much larger in magnitude than previously described for this age group.
FA is a measure of the uniformity of diffusion of water molecules in a given voxel of an ROI of the brain delineated on an MRI scan. By analyzing ROIs with DTI, the integrity of white matter tracts can be inferred. FA should be expected to be relatively high in a white matter tract, in which the degree of diffusion of water is constrained by intact myelinated nerve fibers, ensuring that water moves only parallel with that tract and thus in a highly uniform way. 6 FA values in white matter tracts tend to increase developmentally throughout childhood and adolescence as tracts progressively myelinate and constrain the diffusion of water, and the degree of change in FA varies with the white matter tract investigated. 20 In this way, it is important to note that there was no significant change in FA in any observed ROIs when we compared CS and NCS groups pre-and postseason. There was also no change in FA pre-and postseason within the CS group. This would suggest that the changes in FA observed developmentally are not statistically apparent in the short time frame from the first to second scan of our cohort, and that in the CS cohort, changes in white matter tracts were not statistically significant from pre-to postseason.
In this study, however, total magnitude of hits as a continuous variable correlated positively with increased FA in the left CgC from pre-to postseason scans in the CS cohort. This suggests that there is a significant relationship between increases in white matter fluid content over a football season and total magnitude of RHIs, particularly those sustained on the lateral side of the head. In spite of this, we did not observe a significant group change in FA in any studied area of the brain and therefore cannot say there was an injury to observed white matter tracts. In a meta-analysis of DTI changes in pediatric patients with TBI, studies evaluating FA in the acute phase (1-4 weeks) after mild TBI found that FA tended to increase 23 in the left cingulum bundle, among other structures. In contrast, pediatric TBI patients who underwent DTI studies in the medium to long term (ie, >3 months after injury) had significant decreases in FA in affected white matter tracts, including in the left cingulate. 23 This early increase in FA after injury occurs secondary to axonal edema (and therefore increased fluid content) prior to breakdown of the tract. 5 In prior studies of collegiate football players who demonstrated persistent white matter changes in the absence of diagnosed concussion after a season of football, those white matter changes did not correlate with most outcome measures and were therefore felt to be clinically silent. 4 In contrast, pediatric studies of neuropsychological performance and DTI have described a moderate to strong correlation between DTI changes and impaired cognitive performance post TBI. 23 While evidence exists in the literature that changes in DTI after TBI in pediatric patients correlate with cognitive performance, the significance of a correlation between magnitude of hits and increase in FA remains unclear in the absence of significant changes in FA from pre-to postseason. Increasing FA could represent an adaptive change to head impact without adverse clinical effect. It could also represent the first step in accumulated trauma leading to tauopathy, as hypothesized by Bazarian et al. 4 In addition, while the CgC has been identified as a commonly injured structure in mild TBI, 13 the reason it is susceptible has not been established.
This study had several limitations. Because of the pilot nature of the current study, sample size estimation was not conducted prior to data collection, which limits our confidence to report statistically nonsignificant results. That being said, this study provides valuable information for sample size estimation for future investigations on the effects of RHI on white matter structure in youth football. The Shockbox accelerometer does not record impacts less than 30g, limiting the sensitivity of RHI data collected. While there was supervision and frequent reminder prompting from study personnel, we relied on parents/LARs to record RHI data and upload them to our web portal, which created a potential limitation in the number of RHIs and their recording. The Shockbox units were tested and validated prior to the study, and the data were reviewed at submission through the web portal and at the end of the study, but few practices and games were attended and recorded by study personnel, introducing the possibility of erroneous recording of impacts. We were also unable to record rotational acceleration, which has been shown to be related to TBI and concussion. While there is no observable exposure to head impacts or injury in swimming, there remains the possibility that our control cohort of swimmers sustained head impacts as well that were not accounted for in this study.
Clinical Recommendations
Future research in this area and age group should emphasize prospective evaluation of DTI in CSs and correlation with factors in addition to RHI, including serum and genetic biomarkers and neurocognitive and vestibular testing with longer term follow-up to assess whether correlation of increased FA with magnitude of impacts represents adaptive or pathologic change.
